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According to the Time Phase Task Schedule on p. 26 of the proposed Technical Work, our
research investigation and sample characterization has proceeded along four task categories:

(a) Build an experimental facility specifically designed for the characterization of HgCdTe
with special emphasis given to infrared laser systems, variable low temperature and
liquid helium techniques, and high magnetic fields.

(b) Investigate two-photon absorption.

(¢) Investigate time resolved behavior in HgCdTe excited by two-photon absorption, and
estimate the lifetimes of charge carriers.

(f)  Analyze the "lifetime" data to determine both surface and bulk recombination probabili~
ties.

This report will address progress made to date in each of the tasks,

v
Sl
)
L (a) Experimental Facility. 5y
\‘
»Y
Facilities have been assembled that are capable of obtaining high magnetic fields (0-120 kG) and Py
low temperatures with infrared and far infrared laser light. The experimen:al design and construc- “Q‘»
tion has been shown to be reliable and useful in the study of two-photon absorption processes in t‘
narrow band semiconductors, and specifically in HgCdTe (see Part II of this report). Naturally, t,.*
improvements in the optical layout and components, and in the signal-to-noise ratio of the system, NS
will be continually sought. )
o
I1. (b) Investigate Two-Photon Absorption. n:
. \
A major breakthrough has been achieved this quarter - two-photon magneto-~absorption spectra 'ﬁ';
have been obtained for bulk samples of HgCdTe. To our knowledge, this is the first report of such ',(l‘ﬁ
spectra. Other magneto-optical structure has been observed that is due to: (l) impurities and/or .'
defects; (2) one-photon interband magneto-absorption. In addition, unusual structure has been o
observed at high incident photon intensities. The data we have gathered can be summarized by .
sample: ¢
oy
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n - HgCdTe, x - 0.236 (at 77K, n = 1.4 x 1014cm~3 and u = 1.6 x 105%cm2/Vsec

This bulk sample was obtained from Honeywell, and was the subject of our most intense investi-
gations. Figure 1 shows the photoconductive response of the sample as a function of magnetic field
for various incident laser photon energies. The data shows two large peaks representing two-photon
absorption (TPA) processes between 80-120 kG, These absorption peaks are attributable to electron
transitions between the valence band and conduction band Landau levels. Note how the positions of
the peaks change with incident photon energy, since for differing values of photon energy, the
magnetic field at which the TPA resonance occurs is different. These same two resonances have
been observed in every sample of HgCdTe studied to date, thus their proper identification (in terms
of exactly which final and initial Landau levels are responsible for each transition is vital.

At lower magnetic fields, other absorption processes occur, as shown in Figure 2. Multiple reso-
nances in the photoconductive response are due to one-photon magneto-absorption (OPMA)
processes. OPMA spectra can be used (in combination with TPA spectra) to accurately determine
the band gap and x value of HgCdTe, and can be used to aid in the identification of other absorp-
tion processes, such as those arising from impurity levels. The broad structure shown in Figure 2 is
identified as an acceptor-level-to-conduction-band (ACB) transition. Evidence in support of this
identification comes from two facts: (1) the ACB structure is almost non-existent at low intensities
- where the OPMA transition dominates; (2) As shown in Figure 3, the amplitude of the ACB
structure is much more dependent on temperature than that of the OPMA transitions.

Finally, some extremely unusual structure was observed at high incident photon intensities, as
shown in Figure 4. This structure appears just below (in magnetic field) the OPMA transition. At
low intensities, the OPMA structure dominates, while at high intensities, the spectra is a superposi-
tion of the OPMA and ACB spectra with this unusual structure. The photon energy dependence of
this structure is shown in Figure 5 with a scale expanded in magnetic field. Note that the resonance
positions of this structure change little with photon energy. For now we note that this structure is
real and will spend time on interpreting it later.

Figure 6 shows a plot of incident photon energy vs. the magnetic field position of all of the
photoconductive resonances observed (except for the unusual, high intensity structure). Those points
occurring at high magnetic fields are due to TPA, and thus should be plotted as 2 #w. In the
future, a modified 8 x 8 Pidgeon and Brown model will be used to calculate the theoretical energies
at which all of these transitions occur which will quantitatively explain this data.

n - HgCdTe x = 0.26.

This sample was obtained from Cominco. It had the following characteristics:

300K - IR - TCO (x min = 0.258)
(x max = 0.261)

300K mobility = 7.3 x 103cm2/Vsec
concentration = 7.2 x 1018 electrons

77K mobility = 7.6 x 104 Ty
concentration = 1.0 x 1014 B!

=~

Crystal p4100.60 ::: :
he

We have attached Cominco’s transmission plots for thic sample as Figure 7. Figure 8 shows the
photoconductive response vs. magnetic field. Again, the two, high magnetic field resonances are :
clearly seen, which we identif y as TPA transitions. At this writing, our investigations of this sample WY
have been limited to confirming that the two-photon absorption processes seen in the Honeywell
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sample can be seen ir other samples.

n - HgCdTe x = 0.277.

This sample was also received from Cominco, and again their transmission data is enclosed (as
Figure 9). Figure 10 shows the photoconductive response vs. magnetic field for this sample. Again,
the two large TPA resonances can be seen. It had the following characteristics:

300K - IR - TCO (x min = 0.276)
(x max = 0.278)

300K mobility = 5.8 x 103cm?2/Vsec
concentration = 5.2 x 1015 electrons

77K mobility = 6.6 x 104
concentration = 1.4 x 1014

Crystal 15(603)-51

Summary of Progress

We have reported the first observation of two-photon magneto-absorption in samples of HgCdTe
with differing x values, and have identified acceptor level to conduction band transitions. This in-
formation will allow us to identify and study other resonances, including those from impurity
and/or defect levels.

111 (¢) Time Resolved Behavior... and (f) "Lifetime” data.

Work is proceeding in two main areas: (1) The development of a novel method to determine
true minority carrier lifetimes in p-type narrow gap materials; and (2) the investigation of laser-in-
duced impurity absorption processes in p-type material (with the goal of determining the individual
absorption and recombination coefficients of impurity and defect levels along with the concentration
of deep levels). Progress in these areas is summarized as follows:

(1) Novel methodology to determine minority carrier lifetines.
We have recently developed a novel method to obtain information about multi-carrier

semiconductor systems (see Appl. Phys. Lett.,, 51, 1916, 1987; a copy of which is
attached). Using an analysis of the magnetoconductivity tensor components, the carrier

concentration and mobility of both majority and minority carriers can be easily obta- " 1y

ined. "
I

Although the method was first applied to multi-carrier analysis in dark, thermal equili- Z
brium conditions, it is also applicable to the analysis and study of photo-excited carriers <

under laser excitation conditions. This permits the extraction of "true" minority carrier %)

lifetimes in p-type semiconductors (as opposed to the somewhat ambiguous results typi- 3’7-

cally obtained from using photoconductivity techniques alone). g

gt

.

A relatively simple system - p-InSb ~ was first used to prove the effectiveness of the & :

method. Figure 11 shows the xy component of the magnetoconductivity tensor oy Vvs.

magnetic field under dark, thermal equilibrium conditions, at four different tempera- d o

turcs. At lower temperatures (77 and 100 K), only heavy and light holes can be seen, ".M

as expected. However, at 135 K, the presence of a relatively small number of electrons .‘s::“,
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(mirority carriers) can be observed and studied. At 160 K, the small number of intrin- ,::r

sic electrons thermally excited across the gap totally dominates electronic transport at ,:;:’,

low magnetic fields. i

O 3
. . . . ®

A Tektronix transient digitizer was used to capture the transient behavior of oy, Al

allowing us to show the effect of a CO, laser pulse (full width at half maximum - 98 :':lf

nsec) incident on the sample in Figure 12, The laser wavelength (9.25 um) was chosen :n:

such that two-photon excitation occurs at T = 50 K, and the minority electrons gener- :.i"

ated can be observed and studied. Figure 12 shows the following four sets of transient .:‘:,

digitizer data and theoretical curves: (1) In the dark, at a time before the laser pulse is
incident on the sample; (2) At the peak of the laser pulse: (3) 325 nsec after the start of B
the laser pulse; and (4) 515 nsec after laser pulse onset. Note that the peak of the :
signal occurs approximately at the end of the laser pulse. Figure 12(c) shows how the
variation can be curve fit to obtain information about the photoexcited electrons.
Figure 13 shows a plot of the time dependence of the number of minority carriers o

(electrons). By way of comparison, we also plot the time variation of the photoconduc- :’ ‘
tive (pc) response, which is shown to be much slower. Details of the analysis are given |
in the above reference. "N
]
The behavior of the transient response is shown in Figure 14 for several temperatures ;’z
between 10 and 160 K. Quite complex behavior is seen which is difficult to explain by & v
itself. However, by using the magnetoconductivity tensor component analysis technique, °
we can show that the relatively fast decay at 120 and 160 K is due to minority carrier _
electrons. At lower temperatures, a two-stage decay is observed; the first (faster) decay N
arises from hole recombination invoiving shallow acceptor levels, and the second A
(longer) decay is due to hole recombination involving deep levels. ;:,.:
.,a:.
Finally, in Figure 15, the temperature dependence of the minority carrier (electron) "
lifetimes obtained from our analysis is shown. Again, for comparison purposes, we o
show the pc response as well. In those instances where two-stage decay occurs, we G‘
always plot the shorter decay. At temperatures greater than 160 K, the pc response o
lifetime is the same as that measured by analysis - the "true" minority carrier lifetime. :::;
Of particular interest is the use of this plot to determine the activation energy of the ,021.
defect trap level which controls the electron lifetimes. Our data are consistent with a ;
defect trap energy of 116 meV above the valence band - obviously the well docu- T
mented mid-gap level It is thus obvious that detailed information, not available .|’
through the study of only the pc response, can be obtained through the magnetoconduc- c.::
tivity tensor component analysis method. A
~1a
Work is now commencing on the analysis of samples of p-HgCdTe by the same method. v
Figure 16 shows the pc response of a sample (x = 0.307) at various temperatures. Com- 45
plex, two stage behavior can be seen, and at low temperatures, the hyperbolic nature of \
the transient response indicates that two-photon absorption is occurring. \
\
Summary W
We have developed a novel method to characterize and measure the minority carrier N
lifetimes in semiconductors, and have successfully applied the method to P-InSb. The o
method offers the possibility of modeling decay mechanisms involving shallow deep, ':'o:
and mid-gap impurity and/or defect levels. "u
v .:.
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Figure 1. Wavelength dependence of the photoconductive response Wl
showing the two~photon absorption structure. “q
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W
Figure 2. Wavelength dependence of the photoconductuve response $
showing one-photon absorption (OPMA - dashed arrows), and acceptor 2
to conduction band transitions (ACB - solid arrows).
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Figure 3.

structure, and the acceptor to conduction band (ACB) absorption structure.
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Figure 8. Photoconductive response vs. magnetic field for x = 0.26
sample. Note the two-photon absorption peaks.
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Figure 10. Photoconductive response vs. magnetic field for x = 0.27 W
sample. Ncte the two-photon absorption peaks.
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New method of characterizing majority and minority carriers in

semiconductors

D. L. Leslie-Pelecky, D. G. Seiler, and M. R. Loloee

Center for Applied Quantum Electronics, Department of Physics, North Texas State University, Denton,

Texas 76203
C. L. Littler

Central Research Laboratories, Texas Instruments, Inc., Dallas, Texas 75265

(Received 13 July 1987; accepted for publication 5 October 1987)

A novel characterization method using magnetoconductivity tensor components to determine
the carrier concentration and mobility of majority and minority carriers is presented. Results
are given for bulk n-HgCdTe (one carrier), liquid phase epitaxial n-HgCdTe (1wo carriers),
and p-InSb (two or three carriers). Advantages of this method over the standard Hall

coefficient analysis are discussed.

Advances in the improvement and application of new
semiconducting materials (the use of HgCdTe in infrared
detectors, for example) have necessitated an increased inter-
est in the properties of minority carriers. Although Hall co-
efficient (R, ) and magnetoresistance measurements have
historically been used to characterize semiconductors by de-
termining the carrier concentration (n), mobility ( u), and
relaxation time () of the majority carriers, the form of the
multicarrier Hall coefficient makes detailed information
about minority carriers difficult to obtain. In this letter, we
show that the complete magnetic field dependence of the
magnetoconductivity provides more information than the
traditional R,, measurement and analysis, allowing us to
determine n, u, and 7 for all carriers. Magnetoconductivity
tensor components, which have the distinct advantage of
being additive in the case of more than one carrier, have
previously been used to characterize metals.'*> We demon-
strate the power and ease of this method through application
to bulk n-type Hg, ., Cd_ Te (one carrier conduction), n-
type liquid phase epitaxial (LPE) HgCdTe (two carriers),
and p-type InSb (two-carrier conduction at low tempera-
tures and three-carrier conduction at temperatures ~ 125-
140K).

The solution of the Boltzmann equation using a relaxa-
tion time approximation (RTA) has been detailed by Beer
and others.*® By finding the current density in terms of the
electric field, the conductivity tensor may be identified. For a
sample in the standard Hall configuration (H = H2), the
conductivity tensor components may be written:

X l" n' 'e‘Hl
x T T3 P 2 g2 2 7’ (1a)
p,. + R ”H [ H, + ll
R, H M n.ef!

i pix+R}1H2_iZl H!+H?
where p,, and R, are the standard measured quantities of
transverse magnetoresistance and Hall coefficient, respec-
tively, M is the number of carrier types, the critical magnetic
field H,=1/u;, = m*/r,e, in which u, and 7, are average
quantities.” n, is the concentration of carriers of type i and
e <0 for electrons. The applicability of the relaxation time
approximation (RTA)) to our mobility considerations might
be questioned, since optical phonon scattering (inherently
inelastic) is one of the dominant modes in compound semi-
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conductors.? However, as shown by Pfeffer and Zawadzki’
for InSb at room temperature, the variational mobility cal-
culation for optic phonon scattering gives almost the same
result as the RTA. As the temperature is lowered, the RTA
becomes progressively less and less valid, but also the optic
phonon contribution to the mobility becomes less important.
For example, at 77 K and an electron concentration of 10'®
cm 3, the experimental mobility of electrons in n-InSb is 10°
cm’/V s, (Ref. 8) while the optic phonon contribution is
1.5 10° cm?/V s5.° The elastic modes of scattering by ion-
ized impurity and acoustic phonons can be treated by RTA.
Thus, within the above approximations, the calculated indi-
vidual relaxation times have physical meaning.

Note that o, is positive for all carriers, while o, will be
negative for electron conduction and positive for hole con-
duction. Because of the differences in sign, we choose to fit
o, data, as differences in types of carriers become obvious
upon plotting the experimental data. For o, the maximum
value occurs when H = H, and is proportional to », (o,
= n,e/2H,). Because of the simple algebraic form of Eq.
(1b) and the ease with which partial derivatives are taken,
any nonlinear least-squares fit is sufficient for fitting Eq.
(1b) to the experimental o,, data as determined from the
right-hand side of Eq. (1b).

Figure 1 shows o,, vs In / at 77 K for a bulk n-type
Hg, _,Cd, Tesample, grown by the solid-state recrystalliza-
tion method (x=0.23). The negative values of o, indicate
that conduction occurs by electrons. From the form of Fq.
(1b), where M = 1, we see that the (x,p) coordinate describ-
ing the peak of the curve corresponds to the pair

N ——
N-Hgy.,Cd,Te
05 T=77K
£ -201 {
©
Z s
e
o -5.0} :
‘65 4
-8.0 TV U ST
102 10 100 100 102

MAGNET!IC FIELD (kG)
FIG. 1. 0,, vs In H for n-type HgCdTe at 77K
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FIG. 2. (a) and (b) p-type InSb at 8 K: A simple, one-carrier Hall coeffi-
cient analysis finds 7.04 x 10'* carriers/cm® with mobilities of 1.51 x 10*
cm?/Vsat 8= 1 kG and 7.6 x 10'* carriers/cm" with mobility of 1.40 x 10*
cm?/Vsat B = 19kG. Note that there is negligible magnetic carrier freeze-
out at these fow fields (see Fig. 3 also).

[H.,0., (max) ]. The coordinates of the peak therefore pro-
vide initial guesses for parameters in the curve fitting pro-
gram. Using a standard nonlinear least-squares fit to Eq.
(1b), wefirdn =8.31 ( £ 0.11) X 10" cm “*and . = 1.08
(4 0.12) X 10° cm*/V s. Taking m* = 0.0lm,, 7=6.14
( +0.68) %10~ '* 5. The Hall coefficient (at 8= 1 kG)
yields n = 8.83 10" cm 3, u = 1.07x 10* cm?/V s, and
7=6.08X 10" " s in good agreement.

Figures 2(a) and 2(b) show o,, vs In i for a p-type
InSb sample at 8 K. Figure 2(a) is an attempt to fit the data
with a heavy-hole term only. Note that while the fit around
the peak is satisfactory, the fit undercuts the data at low
magnetic fields. In Fig. 2(b), both heavy- and light-hole car-
rier terms are included in order to accurately describe the
data. By decomposing the fit into its constituent light- and
heavy-hole terms, and identifying the peak coordinates, n, g,
and 7 may be determined for each type of carrier. Table 1
summarizes the numerical data found from both fits. In or-
der to calculate 7, the following effective mass values were
used: m*(light holes) =0015m, and m*(heavy
holes) = 0.45m,,.'" Because the terms in the magnetocon-
ductivity are additive, o,, plots yield much more informa-
tion in the complex situations often encountered in the labo-
ratory in terms of concentrations and types of carriers than

TABLE 1. Summary of numerical data found by one-carrier and two-car-

rier fits of o, data for p-type InShat K K to g (1h)

Fig. 2(b)
Two-carrier fit

Fig. 2(a)
One-carrier fit

Light ptem %) 2.82( + 0.06) < 10"

holes pulcm?/Vs) S.08( + 0.46) x10*
r(s) 432(+ 03 xi0 "

Heavy plem™Y)  423( $0.09)x 10" 4.28( 4+ 0.05)x10""

holes ulcm?/Vs) 1L81( 0.36)x 10"  14R( +001) x10*
r(s) 4.62¢ +0.92) %10 ' 379( 4003 x10 "

Standard 8.20x10 * 457>10 *

deviation
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do standard Hall coeflicient plots. An example of this is seen
in Fig. 3 where the o, plots are compared with their corre-
sponding Hall coeflicient plots for a p-InSh sample for
I' - 8250 K. The o curve at 8 K indicates that there are
both light holes and heavy holes present, as discussed pre-
viously. In addition to the light and heavy holes already pres-
ent, electronic contributions to conduction are apparent as
o, takes on negative values at low fields at 125 K. Note that
the «mall concentrations of electrons present (on the order
of 1C' cm ') relative to the concentration of heavy holes
present (on the order of 10™) are much more apparent in the
o .. curve than in the corresponding Hall plot. At 130K, a
temperature change of only 5 K. the ¢, curve has changed
noticeably in both the height and critical magnetic field of
the clectron peak. Because of the large concentration of
heavy holes and relatively small change in concentration of

[ R msaa e an s aii) ) e an a e et s e A st BN SRS ALAY
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FIG. 4 Three-carrter fit of or | data for p-type InShat 128K Data taken at
Francis Bitter National Magnet Lab.
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TABLE L. Numerical data obtained by a three-carrier fit of o,, data for p-type InSb at 140 K.

Light holes

Electrons Heavy holes
n(cm ) 1.44( + 0.02) % 10"
MG VAR 2.18( + 0.28) x 10°
r(s) 5.57( +0.72)yx 107"

1.75( +0.02) x 10"
2.52( + 0.05)x 10*
6.44( +0.13)x10 "

1.50( + 1.49) < 10"
1.14( + 0.69) % 10*
291( + 176y < 10

electrons, the Hall coefficient curve is not significantly
changed. At 250 K, the conduction is mainly due to elec-
trons as shown by the one carrier band fit. Overall, the o,
components, which can be easily decomposed, are much
more illustrative in their description of transport properties
than corresponding Hall coefficient plots.

Because of the low mobility of the predominant heavy
holes, peaks in the o,, plots are not always possible to ob-
serve with low magnetic fields, thus making quantitative fit-
ting difficult. Figure 4 shows the results of high field mea-
surements made at the Francis Bitter National Magnet
Laboratory on a p-type InSb sample at 140 K that quantita-
tively demonstrates the sensitivity of our technique. In this
sample, we are able to quantitatively characterize light
holes, heavy holes, and electrons. Numerical values are sum-
marized in Table Il. In calculating r,, we have used m*
(light holes) = 0.015m,,, m* (heavy holes) = 0.45m,,, and
m*{electrons) = 0.01m,.'"" We find that the value obtained
through the fit for the concentration and mobility of light
holes is very reasonable compared to the number and mobil-
ity of the heavy holes present.

Figures 5(a) and 5(b) show the application of this

35 ey e iem
LPE n - Hg CdTe x=02
1.0 T = 15K @

l Lol it b dtd el
-9.0
%02 o 100 ot 12
MAGNETIC FIELD (kG)

35] LREEY RIS L IS IR A |

1.0

,g_o[ cntl ol s
10'51 105

10! 10' 10?
MAGNETIC FIELD (kG)

FI1G. 5. (3) One-carrier it We find 1.16 ( + 0.08) ~ 10" ¢m ' electrons
with a mobility of 8.90 ( 4+ 0.58) 10" cm ' /V 5. (b) Two-clectron fit. We
findn, =135 (+019) 10" em ‘g, -~ SO8( 4 01~ 10 cm'/V s
andn, =808 ( + 069~ 10" em ", - 443 ( £ 021 10 em Vs
The Hall coefficient finds S 24 ¥ 10'" carriers cm ' with mobilities of
45% 10°em?/Vsat B = 1kGand 1.71 ¥ 10" carnerscm ' with mobilities
of 1.4%10°cm?/Vsat B = 10kG.
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method to an epitaxially grown n-type LPE Hg, . Cd, Te
sample (x =0.23) at 15 K. This sample exhibited anomalous
transport properties, i.e., a low mobility at low temperatures
and peaks in both the Hall coefficient and mobility versus
temperature data. Figure 5(a) shows an attempt to describe
the o, data using one carrier (electron), as would be expect-
ed for n-type conduction. It is seen that the conduction
mechanisms in this sample are more complicated. as evi-
denced by the inability of the one-carrier model to adequate-
ly describe the o, data. Subsequent attempts using com-
bined electron and hole conduction to describe the data were
equally unsuccessful. Figure 5(b) shows, however, that the
data can be satisfactorily explained by using two electrons of
vastly different mobility and concentration. These values are
given in the caption of Fig. 5. We note that two-electron
conduction has been previously reported by Finkman and
Nemirovsky in bulk n-type HgCdTe.'" In addition, a pre-
vious study'’ on LPE HgCdTe invoked a model of p-type
inclusions in an n-type matrix to describe the anomalous
carrier transport properties. However, our o, data show no
evidence of holes contributing to conduction in these anoma-
lous samples.

Because of its simplicity and sensitivity to minority car-
riers, we predict that magnetoconductivity tensor analysis
will join Hall cocflicient and magnetoresistance anatysis us a
standard characterization tool in the semiconductor indus-
try, applicable not only to butk materials, but also to thin
films and the new generatians of artificially structure materi-
als.

We acknowledge the partial support of this work by
Texas Instruments and a Faculty Rescarch Grant from
North Texas State University. We thank Dr. ID. Wetrauch
for providing the LPE samples and Professor Wlodek
Zawadzki for his heipful comments.
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